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ABSTRACT 
The macronucleus of Paramecium divides amitotically, and daughter macronuclei 
with different DNA contents are frequently produced. If no regulatory mechanism 
were  present,  the  variance  of  macronuclear  DNA  content  would  increase 
continuously.  Analysis  of variance  within  cell  lines  shows  that  macronuclear 
DNA content is regulated so that a constant variance is maintained from one cell 
generation to the next. Variation in macronuclear DNA content is removed from 
the cell population by the regulatory mechanism at the same rate at which it is 
introduced through inequality of macronuclear division. Half of the variation in 
macronuclear DNA content introduced into the population at a particular fission 
by  inequality of division  is  compensated  for during the  subsequent  period  of 
DNA synthesis. Half of the remaining variation is removed during each subse- 
quent cell cycle. The amount of variation removed in one cell cycle is proportional 
to  the  post-fission  variation.  The  cell's  power  to  regulate  DNA  content  is 
substantially greater than that required to compensate for the small differences 
that arise during division of wild-type cells. For example, a constant variance was 
still maintained when the mean difference between sister cells was increased to 
ten times its normal level in a mutant strain. 
The  observations  are  consistent with  a  replication  model  that  assumes  that 
each  cell  synthesizes  an  approximately  constant  amount  of  DNA  which  is 
independent of the initial DNA content of the macronucleus. It is suggested that 
the amount of DNA synthesized may be largely determined by the mass of the 
cell. 
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The ciliate macronucleus divides amitoticaUy with 
neither chromosome condensation nor the forma- 
tion of a typical mitotic spindle. In the absence of 
mitosis  or an  equivalent process,  equal  distribu- 
tion  of macronuclear  DNA  does  not  necessarily 
occur,  and  daughter  cells  with  unequal  DNA 
contents are  frequently produced (5,  9,  12-15, 
18, 19, 27).  This inexact distribution  of DNA to 
daughter macronuclei is presumably tolerated be- 
cause  the polygenomic  macronucleus  (1,  7, 26) 
contains  a large number of redundant functional 
subunits (8, 21).  Although each subunit presum- 
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partitioned unequally to the daughter macronuclei 
at  cell  division.  Nevertheless,  ciliates  would  be 
expected  to  have  evolved a  mechanism  to  com- 
pensate  for variation in macronuclear DNA  con- 
tent so that a  constant mean DNA content with a 
constant variance would be maintained over many 
cell generations.  If a  regulatory mechanism were 
absent,  the variance  of macronuclear  DNA  con- 
tent within the population would increase contin- 
uously. 
The presence of such a  mechanism in Parame- 
cium has been inferred by Kimball (13) from two 
observations.  First,  an  approximately  constant 
variance in macronuclear DNA content was main- 
tained over many cell cycles.  Second,  the coeffi- 
cient of variation  of macronuclear DNA  content 
in postreplication  cells was less than  that  in pre- 
replication  cells.  This  indicated  that  regulation 
may  occur  during  the  period  of  macronuclear 
DNA  synthesis which takes place during  the last 
three-quarters  of the  cell cycle  (2).  He  also  sug- 
gested  that  regulation  of  DNA  content  was  a 
slow process that  extended  over several cell gen- 
erations  (13).  Regulation  of  DNA  content  in 
Paramecium  cannot occur at fission as it does in 
Tetrahymena strains which produce chromatin ex- 
trusion bodies (5), for all of the parental DNA is 
distributed to the daughter cells (14). 
The present study examines the ability of Para- 
mecium  to  regulate  its  macronuclear  DNA  con- 
tent, the kinetics of regulation,  and the nature of 
the  compensatory  process.  The  variability  of 
macronuclear  DNA  content  was  increased 
through  the action of gene  mutations  so that  the 
extent  of  the  cell's  regulative  ability  could  be 
determined.  The  innovation  of this  study  is  the 
application  of the  hierarchical  or nested  analysis 
of variance  technique  (20)  to  the problem.  This 
allows  the  separation  and  removal  of  variance 
arising  before  the  start  of  the  experiment,  and 
makes  it  possible  to  follow variation  introduced 
at a  particular fission through subsequent  replica- 
tion events without interference from preexistent 
or subsequently introduced variation. 
MATERIALS  AND  METHODS 
Stocks and Culture of Paramecium 
Paramecium tetraurelia (24)  stock 51-S (wild type), 
and  two derived stocks,  d4-43  and  d4-1030,  carrying 
mutant  genes,  were  grown  in  grass  infusion  at  27'~U 
(23).  The  food  organism  was  Klebsiella pneumoniae. 
Stock  d4-43  carries  the  recessive  mutation  am  (22) 
which  causes  partial  or  complete  missegregation  of 
macronuclei to daughter cells in a variable fraction of 
the  ceils,  and  stock  d4-1030  carries  a  new  mutation 
tam-A  (16) which causes both macronuclear missegre- 
gation and  absence  of trichocyst discharge:  the  pene- 
trance and expressivity of tam-A  is much greater than 
that of am,' the phenotype is similar to that of tam-38 
(17), but tam A  and tam-38 are not allelic (16). 
Cytochemical Procedures 
Newly divided ceils were individually transferred to 
an  albumin-coated  microscope  slide  by  micropipette, 
and as much culture medium as possible  was withdrawn 
so that maximum flattening occurred as each ceil dried. 
After drying, ceils were fixed in ethanol, acetic acid 
(3:1)  mixture for 20 min,  rinsed in water, hydrolyzed 
for 15-20 min in 3.5 N HCI at 37*(2 (10), and stained 
by the Feulgen procedure using freshly prepared stain. 
After staining,  the  slides  were  rinsed  in  acid-bisulfite 
solution, then in running water for an hour, and allowed 
to air dry. 
The  locations  of the  groups  of cells on  each  slide 
were marked with drawing ink to facilitate microscope 
observation. The cells were mounted in Cargille's refrac- 
tive index oil (n  =  1.534,  R.  P.  Cargille Labs,  Inc., 
Cedar Grove, N. J.) under number  1 coverslips  which 
were sealed with fingernail polish. 
Absorption  microspectrophotometric  measurements 
of the Feulgen's-stained macronuclei were made at 570 
nm with a Zeiss microspectrophotometer equipped with 
a scanning  stage (0.5-~tm  step). The macronuclei were 
scanned  in a rectangular array of equidistant points, and 
the encoded intensity data were stored on paper tape. 
The paper tape records were processed by computer to 
produce a two-dimesional array of absorbance measure- 
ments. Absorbance due to extraneous absorbing materi- 
als  (food vacuoles,  other  nuclei,  or  debris)  was  sub- 
tracted  to  produce  a  corrected  cumulative  extinction 
value for each nucleus which was assumed to be propor- 
tional  to  the  amount  of  dye  bound  by  the  object. 
Instrument error and processing error together were < 
2.5% throughout the experiments. 
Statistical Procedures 
The DNA content of prefission (postreplication) ceils 
was  estimated by adding the DNA content of the two 
newly divided daughter cells as justified by Kimball and 
Barka (14). The difference between the postreplication 
DNA content of sister ceils was estimated by the differ- 
ences between the sums of the DNA contents of their 
daughter cells. The variation of DNA content in samples 
was measured by the coefficient of variation (100SD/$). 
Other  statistical  procedures  were  carried  out  as  de- 
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their standard errors. 
Computer Simulation of 
Model H Replication 
A  computer simulation routine was  used to explore 
the consequences of varying the value of the threshold 
parameter, t, of the model II replication function (1) on 
the resulting DNA content variances. An initial  set of 
1,000 normally distributed prereplication DNA contents 
with mean and standard deviation equal to the observed 
values for wild-type Paramecium  cells was  generated. 
From each prereplication value a corresponding postrep- 
lication value was generated by application of the repli- 
cation function (Eq. 1). The prereplication values for the 
next generation  were generated  by  application  of the 
division function (Eq. 2) to each postreplication value. 
The replication and division processes were repeated for 
each generation. The replication function was: 
(x~  whentu = E(t) 
ifxl >  tu 
X2 = ~2Xt ift~ >--Xl >--tt  andh = $/t  (1) 
| 
[4xl  ifxl <  tt 
where x~ is the prereplication value, x 2 is the postrepli- 
cation value, ,f~ is the mean prereplication value, t, and 
h are the upper and lower threshold values, respectively, 
and t is the threshold parameter. The division  function 
was; 
x~ =  (xz +-- d)/2  (2) 
where d  is a normally distributed random variable with 
mean  and  standard  deviation  equal  to  the  observed 
values for differences between wild-type sister cell DNA 
contents. The sign of d  was assigned  at random to each 
value. 
RESULTS 
In each of several experiments,  a  number  of cell 
lines was initiated by selecting dividing cells from 
a  young exponential-growth-phase  culture. These 
founder cells were allowed to grow and to divide 
two  or  three  times.  The  newly  divided  progeny 
cells were then fixed, and the macronuclear DNA 
content of each cell was estimated by microspec- 
trophotometry.  Within each cell line the relations 
of  the  cells  to  each  other  by  descent  from  the 
founder cell was known. The design of the exper- 
iment is shown in Fig.  1. Three sets of data were 
generated,  one  for  each  of the  three  genotypes 
used (wild-type, am~am,  and tam A/tam A  ). These 
data  sets  provided  the  basis  for  all  subsequent 
observations and analyses. 
Distribution of Macronuclear 
DNA to Daughter Cells 
The  difference  in  macronuclear  DNA  content 
between sister cells of each of the three genotypes 
was expressed as a  fraction of the parental prefis- 
sion DNA content (Fig. 2).  In wild-type cells the 
mean  difference  between  sister  macronuclei  was 
2.9 -  0.4% of the parental DNA content. In am/ 
am  cells the difference increased to 8.4  -  1.1%, 
and  nearly  half  of the  cells showed  greater  ine- 
quality of division of macronuclear DNA than did 
any of the wild-type cells. However, in tam A/tam 
A  cells,  missegregation  of  macronuclear  DNA 
was much more severe and the average difference 
between  sister macronuclei  was  31.5  -+  0.5%  of 
the parental  DNA content.  Approximately  15% 
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FIGURE 2  Normalized cumulative distributions  of the 
inequality of macronuelear division in  different geno- 
types. The degree of inequality of macronuclear division 
is expressed as the difference between the DNA contents 
of posffission  sister cells as a  fraction of the  parental 
DNA content. (+) Wild-type (w.t.) cells, n  =  159; (￿9 
am~am cells, n  =  113; and (0) tam A/tam A  cells, n  = 
120. 
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the  macronucleus  so  that  the  entire  parental 
macronucleus passed intact to one of the daughter 
cells,  and  the  other  daughter  cell  received  no 
macronucleus at  all.  Expression  of  the  mutant 
phenotype was  quite variable. Although half of 
the  sample showed inequalities of macronuclear 
division greater than those in any of the am/am 
cells, more than 30% of the cells showed almost 
equal  division with  inequalities within the  wild- 
type range. 
The substantial inequality of the distribution of 
macronuclear DNA to daughter cells in the mu- 
tant strains made it possible to test the organism's 
power to regulate macronuclear DNA content. 
Regulation of DNA  Content 
The  question  of  the  occurrence,  extent,  and 
overall  kinetics  of  regulation  of  macronuclear 
DNA  content was  approached  through  analysis 
of variance of macronuclear DNA content within 
cell lines. In each experiment the total variance in 
macronuclear DNA content can be separated into 
two  major components: that  occurring between 
cell lines and that occurring within cell lines. The 
between-lines variance component was  assumed 
to have arisen before the start of the experiment 
and  was  discarded.  The  within-lines component 
contains the variance in macronuclear DNA con- 
tent that arose during the experiment. This vari- 
ance consists, in turn, of at least two components, 
for  variance  in  macronuclear  DNA  content  is 
introduced at each fission through inequalities in 
macronuclear division. The variance between the 
macronuclear DNA contents of sister cells is an 
estimate of the variance introduced at each fission. 
The variance between the  parental (postreplica- 
tion) DNA contents (estimated by the sum of the 
DNA contents of the daughter cells) allows esti- 
mation of the variance remaining after completion 
of one period of DNA synthesis. In the same way, 
variance between sublines in a  three-generation 
experiment provides an estimate of the variance 
left after two periods of DNA replication. 
If regulation of DNA content during the period 
of DNA synthesis did not occur, the variance of 
the  postreplication DNA  content would  be  ex- 
pected to be four times larger than that in prere- 
plication cells (Table I). Over several generations 
the variance would be expected to increase contin- 
uously as new variance would be added at each 
fission through inequalities of macronuclear DNA 
distribution to daughter cells without removal of 
any of the  existing variance. The coefficients of 
variation of  macronuclear DNA  content would 
also be expected to be the same in both pre- and 
postreplication cells  (Table  I).  If,  on  the  other 
hand, regulation of macronuclear DNA content 
were occurring during the period of DNA synthe- 
sis,  the  overall  variance in  macronuclear DNA 
content would remain constant, and old, preexist- 
ing variance would have to be removed as rapidly 
as new variance was introduced by inequalities of 
macronuclear division. Finally, if perfect regula- 
tion of DNA content occurred, the coefficient of 
variation (standard deviation as  a  percentage of 
the mean) of the macronuclear DNA content in 
TABLE I 
Properties of Populations with and without Regulation of DNA Content during the Period of DNA Synthesis 
Without regulation  With regulation 
Assumptions 
1.  Exact doubling of DNA in each cell during each cell 
cycle 
Consequences 
1. ~2 = 2.fl 
2. s22 =  ~(2x, -  2f,)2/n -  1 = 4s,  2 
3.  S 2  =  2~ 1 
4.  cv2 =  100(s2/i~) =  10O(2s,/Z/x) = cv~ 
Where 
s  =  mean prereplication 
DNA content; 
,f~  =  mean postreplication 
DNA content; 
1.  Mean DNA content of the population doubles during 
each cell cycle 
2.  Total variance of DNA content is constant 
2.  S2  2  =  Sl  2 
3.  $2  =  s, 
4.  cv2 = 100(s2/s  =  100(Sl/2~l)  =  1/2 cvl 
s,  =  its standard deviation;  sl  z  =  its variance; cvl  =  its coefficient of varia- 
tion; 
sz  =  its standard deviation;  s2  z  =  its variance; cvz  =  its coefficient of varia- 
tion 
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prereplication cells (Table I). 
Analysis of variance within cell lines shows that 
regulation  of macronuclear  DNA  content  occurs 
in all three genotypes (Table II). In all genotypes, 
the  variance  of the  parent  (postreplication)  cells 
was  equal  to  or  less  than  that  of  the  progeny 
(prereplication)  cells,  as  shown  by  a  1-tailed  F 
test (Table III). Consequently, there is a reduction 
by at least one-half of the coefficient of variation 
between  progeny  and  parent  cells  (Table  II).  A 
semilogarithmic  plot  of the  coefficients of varia- 
tion  reveals  that  regulation  of DNA  content  oc- 
curred  over  two  successive  generations  (am~am 
data)  and  that  the  fractional  reduction  of  the 
coefficient of variation  is  largely  independent  of 
the magnitude of the variation in sister cell DNA 
content.  Conversely,  the  absolute  magnitude  of 
the  reduction  of  the  variation  per  generation 
increases as the total variation increases (Fig. 3). 
The greater than twofold reduction in the coef- 
ficient  of  variation  in  the  tam  A/tam  A  experi- 
ments  (Table  II)  is  probably  an  artifact  because 
several cell lines were lost from each experiment 
through complete missegregation of the macronu- 
cleus to one daughter cell at the first fission after 
the start of the experiment. Thus, the lines making 
the  greatest  contribution  to  the  variance  of  the 
parental  generation  were  lost.  There  was  an  ap- 
proximate  halving  in  the  coefficient of variation 
TABLE II 
Nested Analysis of Variance Tables  for Pedigree Experiments 
Total vari-  Within lines 
Experiment  Variance  component  df*  variance(MS):~  ance  variance  CV -+ soyw 
%  % 
JB-1 
Wild-type four-cell pedigrees 
HS-1 
am~am four-cell pedigrees 
HS-2 
am~am eight-cell pedigrees 
JB-2 
tam A/tam  A  four-cell pedi- 
grees experiment 1 
HS-3 
tam A/tam  A  four-cell pedi- 
grees experiment 2 
Total  107  174.2  100 
Between lines  26  83.9  48  3.2  --- 0.4 
Within lines  81  90.3  52  100 
Between parents  27  37.7  22  42  4.3  --- 0.6 
Between progeny  54  52.6  30  48  10.1  -  1.0 
Total  111  1,269.2  100 
Between lines  27  973.3  77  14.6  +-- 2.0 
Within lines  84  295.9  23  100 
Between parents  28  149.6  12  50  11.4  --- 1.5 
Between progeny  56  146.4  12  50  22.7  --- 2.3 
Total  103  1,296.7  100 
Between lines  12  872.9  67  7.1  ...  1.5 
Within lines  91  423.7  33  100 
Between sublines  13  105.9  8  25  4.9 --- 0.9 
Between parents  26  160.8  12  38  12.2  -  1.7 
Between progeny  52  157.0  12  37  24.0  •  2.5 
Total  171  5,009.5  100 
Between lines  42  790.1  16  7.3  --- 0.8 
Within lines  129  4,219.4  84  100 
Between parents  43  1,180.2  24  29  19.1  --- 2.1 
Between progeny  86  3,139.2  61  72  61.6  -+ 6.2 
Total  67  15,245  100 
Between lines  16  3,316  22  13.7  •  2.5 
Within lines  51  11,885  78  100 
Between parents  17  3,810  25  32  29.2  --- 5.4 
Between progeny  34  8,076  53  68  85.4  +-- 16.2 
* Degrees of freedom. 
:~ Mean square. 
w Standard error of the coefficient of variation. 
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complete missegregation did not occur (Fig. 3). 
Although  all  three  genotypes  with  differing 
degrees of inequality of distribution of macronu- 
clear DNA to daughter macronuclei maintained a 
constant variance in macronuclear DNA content 
from  one  generation  to  the  next,  there  was  a 
proportional increase in the  coefficient of varia- 
tion of the  parental (postreplication) DNA con- 
tent as the inequality of division increased (Table 
IV). 
TABLE III 
Ratio of Parent Variance to Progeny  Variance in 
Four-Cell Pedigree Experiments 
F (pareats/  Probability of 
Genotype  progeny)  df  larger F 
Wild-type  0.717  27,54  0.82 
am~am  1.002  28,56  0.46 
tam A/tam A  0.377  43,86  0.99 
Ho: = st  2 < s~  ~. Legend as in Table I. 
How  Does Regulation  Occur? 
Regulation of macronuclear DNA content dur- 
ing the period of DNA synthesis could occur in 
several ways. Two models for the control of the 
amount of  DNA  synthesized in  individual cells 
during a single interfission interval are presented 
below and considered further in the  Discussion 
section.  Model  I  (developed  from  the  present 
data) permits partial "rounds" of DNA synthesis 
in macronuclei. The amount of DNA synthesized 
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FIGURE 3  Semilogarithmic plot of the  coefficients of 
variation of macronuclear DNA content after successive 
rounds of DNA synthesis. The  uppermost line shows 
the  slope expected for a halving of the  coefficient of 
variation with each round of DNA synthesis, as would 
be expected if regulation of macronuclear DNA content 
occurred during the period of DNA synthesis. 
TABLE IV 
Relation between Inequality  of Division  and 
Variability of Prefission DNA Content 
Mean inequality of mac- 
ronudear division as  Coefficient of variation 
Genotypr  % of prermsion DNA  of prefission DNA 
+/+  5.0 -  0.6  4.3 --- 0.6 
am~am  8.2 --- 1.0  11.4 -+ 1.5 
tamA/tamA  31.1 --- 4.0  29.2 -  5.4 
prereplication DNA content of the macronucleus. 
Model  II  (developed  by  Doerder  and  DeBault 
[9]  for  Tetrahymena)  requires  that  complete 
rounds  of  macronuclear DNA  synthesis  occur. 
The number of rounds of synthesis that occur is 
determined by the prereplication DNA content of 
the macronucleus. 
The models were tested by comparison of ob- 
served sets of postreplication DNA content values 
with sets of expected postreplication values gen- 
erated by the models. The observed sets of post- 
replication DNA content values were obtained by 
summing the DNA contents of prereplication sis- 
ter  cells.  The  sets  of  expected  postreplication 
DNA content values were  obtained by applying 
the  appropriate  replication function to  the  ob- 
served sets of prereplication DNA content values. 
The replication function for model I was: 
X2  =  XI  "Jr "~1, 
and for model II was: 
f 
, ifxl >  tu 
x2 =(2x~ iftu>-x t >  -  tt 
~4xt ifxl <  tt 
when: tu = :?t(t) 
and t t = :?l/t 
where x2 was the estimated postreplication DNA 
content, xa was the observed prereplication DNA 
content, it was the observed prereplication mean 
DNA content, and tu and tt were the upper and 
lower threshold values, respectively. The thresh- 
old parameter, t, was set equal to X/2-. The value 
chosen was based on observations of Cleffmann 
(5) and Doerder and DeBault (unpublished data) 
for Tetrahymena.  The value is not arbitrary, for a 
computer simulation of model  II replication re- 
veals that  a  shift  of the  threshold  parameter in 
either direction results in a  dramatic increase in 
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(Fig. 4). 
If the models produced adequate regulation of 
DNA  content, the  means and variances of  the 
sets  of  expected  postreplication  DNA  contents 
should  be  similar to  the  observed  values.  This 
was  the  case  when either model was  applied to 
the highly variable tam A/tam A  data (Table V). 
However, when model II was applied to the much 
less variable wild-type data, the predicted postrep- 
lication variance was approximately twice the ob- 
served value. 
The  two  replication models  differ  fundamen- 
40- 





E  - 
Ld  - 
020- 
T  I 
Tl  I 
7 
1.5  '-d8  '-o:4  '  o:o  '  or4  '  o'.8 
k)g(t-1) 
i  i  i  i  II  I  I  I 
1.o51.1  '1.'2  1.41.6  2 
THRESHOLD  PARAMETER (t) 
FIGURE 4  Effect  of variation of the threshold parame- 
ter, t, of the  replication function for model II on the 
predicted coefficients of variation of the DNA content 
of prereplication (O) and postreplication (0) cells. The 
values shown were obtained at the 100th generation of 
simulated replication and division. Sample size equals 
1,000 cell lines. The t values are plotted on a logarithmic 
scale. The vertical arrow indicates the value of t chosen 
for application of model II to  the  experimental data. 
Vertical bars are 95 % confidence limits of the coefficient 
of variation. 
tally  in  the  nature  of  the  replication  process. 
Model I is additive, whereas model II is multipli- 
cative. The most precise test of the nature of the 
replication process in Paramecium involves com- 
parison of the differences between sister cell DNA 
contents before and after replication. Prereplica- 
tion differences were obtained directly from the 
progeny cell data sets. Postreplication differences 
were obtained by summing the DNA contents of 
the daughter cells produced by fission of each of 
the parent sister cells (designated A and B in Fig. 
1).  These  data  were  compared  with  sets  of ex- 
pected  postreplication sister  cell  differences ob- 
tained  by  applying  the  appropriate  replication 
functions to  the  prereplication sister  cell  DNA 
content values. The  data  sets  were  ranked  and 
the  cumulative  distributions were  plotted.  The 
distribution of prereplication sister cell differences 
and  the  expected  distribution of  postreplication 
differences generated by model I  are  the  same; 
model I does not change the difference between 
sister cell DNA contents because all cells synthe- 
size the same amount of DNA. However, model 
II, when applied to the wild-type data, predicted 
that the differences between sister cell DNA con- 
tents should double during the replication process. 
The observed distribution of postreplication dif- 
ferences was closer to the expectation of model I 
than it was to that of model II (Fig. 5). Plotting 
the differences between observed pre- and post- 
replication sister cell differences of the same per- 
centile rank in their distributions as a function of 
the  magnitude  of  the  prereplication  difference 
revealed that there was an approximately constant 
increase in the sister cell difference during repli- 
cation. This was inconsistent with the expectation 
for model II and was much closer to the expecta- 
tion  for  model  I  (Fig.  6).  This  result  showed 
unequivocally that DNA replication in wild-type 
Paramecium cells was essentially an additive proc- 
TABLE V 
Comparison of Observed Variances of Postreplication DNA Content with Those Generated by Specific 
Replication Models 
Observed values  Expected values 
Model I  Model II 
Genotypr  df*  Variance  dr*  Variance  P~  df*  Variance  />4: 
Wild-type  55  105.1  111  59.1  0.005  111  207.6  0.005 
tam A/tam A  77  1,954  149  1,563  0.1  149  1,674  0.1 
* Degrees of freedom. 
:~ Probability of homogeneity with observed value by F test. 
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dashed lines. 
ess rather than a multiplicative process as implied 
by  model  II.  If  replication were  multiplicative, 
the  increases  in  the  sister  cell  difference  that 
occurred during replication should have  become 
greater as the prereplication difference increased. 
DISCUSSION 
Paramecium possesses far greater ability to regu- 
late macronuclear DNA content than is required 
to compensate for the relatively ~mall differences 
in macronuclear DNA content that occur between 
sister cells in wild-type organisms. The cells main- 
tain a  constant variance in macronuclear DNA 
content even when the mean difference between 
sister cell DNA content is increased to ten times 
the wild-type level by the action of mutant genes. 
This study confirms the occurrence of regulation 
of macronuclear content and reveals its  overall 
dynamics.  In  each  cell  cycle,  half  of  the  total 
variation in macronuclear DNA content present 
at the start of the ceil cycle is removed. When the 
population is at equilibrium, the rate at which the 
regulatory mechanism removes variation during 
DNA replication balances the rate at which new 
variation is introduced through inequalities in the 
distribution of  DNA  to  daughter  macronuclei. 
Thus, a constant variance in macronuclear DNA 
content  is  maintained  by  all  three  genotypes. 
However, the absolute magnitude of the variation 
of the postreplication DNA content (the unregu- 
lated remainder of the variation introduced at the 
previous  fission)  increases  with  the  degree  of 
inequality of  the  distribution of DNA  to  sister 
macronuclei. 
The variation in macronuclear DNA introduced 
at a particular fission is gradually eliminated from 
the  population over the  course  of a  number of 
cell  generations.  In each  successive  generation, 
half of the remaining variation is removed. Pro- 
gressively smaller fractions of the  original varia- 
tion  are  removed  in  each  successive  cell  cycle. 
The  magnitude of the  variation removed,  how- 
ever,  is  not  fixed,  but  is  proportional  to  the 
postfission variation. 
In  Paramecium,  regulation  of  DNA  content 
takes place during the  period of DNA synthesis 
as is shown both by the decrease in the coefficient 
of variation of macronuclear DNA content during 
the interfission interval and by the transfer of all 
of the  macronuclear DNA to the  daughter cells 
(14). Thus, the present situation differs substan- 
tially from cases in which elimination of part of 
the  excess DNA content through the  formation 
of  chromatin extrusion  bodies  during fission  is 
part of the system of regulation of DNA content 
(5, 12). 
Regulation of macronuclear DNA content dur- 
ing the period of DNA replication can be brought 
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nisms. In the first type of system, partial "rounds" 
of DNA synthesis can occur so that the  amount 
of DNA synthesized within an interfission period 
by  a  single macronucleus  would  not  necessarily 
bear any fixed relation to  a  complete  round  or 
doubling  of macronuclear  DNA  content.  DNA 
synthesis is presumably controlled at the level of 
a  macronuclear  subunit  which  replicates  com- 
pletely. The total number of subunits which repli- 
cate  is,  however,  controlled  so  that  the  total 
amount of macronuclear DNA is regulated. DNA 
synthesis presumably  continues  until  either  the 
total macronuclear DNA content or the amount 
of newly synthesized DNA reaches a level deter- 
mined  by  a  factor  other  than  the  initial  DNA 
content of the cell. 
Regulative DNA synthesis of this sort has been 
observed  in  the  heterotrichous  ciliate, Bursaria 
truncatella  (27).  In  this  organism,  the  daughter 
cells normally differ significantly in DNA content. 
During  the  interfission  period,  compensatory 
DNA synthesis occurs so that both cells achieve 
the  same  mean  prefission  DNA  content.  This 
mechanism is not applicable to Paramecium,  how- 
ever, because the present observations show that 
only half of the variation introduced at a particular 
fission  is  removed  during  the  subsequent  cell 
cycle.  This  suggests  that  in  Paramecium  the 
amount  of DNA synthesized during a  cell cycle 
rather than the total DNA content of the macro- 
nucleus is controlled and allows us to propose a 
formal  model  for  DNA  content  regulation  in 
Paramecium.  This  model  (model I)  is based on 
the  observation  that  the  variance  and  standard 
deviation of pre-  and  postreplication DNA con- 
tents  are  the  same.  The  mean  deviations  are 
consequently also the same both before and after 
replication.  We  assume,  in  addition,  that  the 
deviations of the individual cells from the popula- 
tion  mean  are  also  the  same  both  before  and 
after replication. Thus, 
and 
xl = s  -  d  (1) 
x2 =  2s  -  d  (2) 
where xl and x~ are the pre- and postreplication 
DNA contents of the cell, -fl is the mean prerepli- 
cation DNA content of the population, and d  is 
the deviation of the individual cell DNA content 
from the population mean. By solving expression 
1 for d, substituting into expression 2, and simpli- 
fying we get: 
x2 = xl + s  (3) 
Expression  3  suggests  that  the  cells  would  be 
expected to synthesize a constant amount of DNA 
during each cell cycle, regardless of whether the 
initial DNA content was higher or lower than the 
population mean. Thus, cells with deficient initial 
DNA  content  would  more  than  double  their 
macronuclear DNA content and cells with excess 
initial DNA would synthesize less than a doubling 
of  DNA.  The  deviations  of  the  individual  cell 
values from the mean would also decrease by one 
half from  one  cell cycle  to  the  next  if no  new 
variation were introduced. 
Alternatively, in the second class of models the 
DNA content is regulated through controlled var- 
iation in the number of complete rounds of DNA 
synthesis that occur within a single cell cycle. The 
number of doublings in DNA content that occur 
is determined by the initial DNA content of the 
macronucleus. Cells with an initial DNA content 
lower than a  threshold level synthesize two com- 
plete  doublings  of  DNA,  whereas  cells  with  2 
larger initial DNA content synthesize only a single 
doubling of DNA, and cells with an initial DNA 
content higher than an upper threshold level syn- 
thesize no  DNA during the interfission interval. 
This model (model II) is based on observations of 
Tetrahymena  (5, 6, 9) and has been proposed by 
Doerder and DeBault (9) to account for regula- 
tion of DNA in  Tetrahymena  themophila  (=  T. 
pyriformis,  syngen  1)  which  does  not  normally 
form  chromatin  extrusion  bodies.  Elements  of 
this model have  also been  suggested as parts of 
the regulatory process in cases in which there is 
regular elimination of DNA  from  the  macronu- 
cleus during fission (5, 6, 12). 
Three types of evidence make model II inappro- 
priate  for  Paramecium.  First,  model  II  cannot 
account for the low variability of wild-type Para- 
mecium DNA contents. The prereplication coeffi- 
cient  of  variation  (10%)  is  about  half  of  the 
minimum coefficient of variation obtainable with 
model II (Fig. 4). Virtually the entire population 
of prereplication DNA  contents  in Paramecium 
falls between  80  and  125%  of the  mean.  Thus, 
no nuclei would be small enough to undergo an 
additional  round  of  replication  and  no  nuclei 
would be large enough to fail to replicate, for the 
threshold levels for model  II occur at  about  70 
and  140%  of the mean, respectively. Therefore, 
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tion  would  not  occur,  and  the  variance  of the 
population  would  increase  until  cells were  pro- 
duced  with  DNA  contents  sufficiently large  or 
small to engage the regulative mechanism. Model 
II  also  predicts  a  postreplication DNA  content 
variance  that  is  significantly greater  than  that 
observed  in  wild-type Paramecium  cells  (Table 
V). Second, the DNA content variance does not 
increase during replication in Paramecium as ex- 
pected by  model  II.  Model  II predicts that  the 
coefficient of variation of DNA  content  should 
not change  during replication (Fig. 4).  In Para- 
mecium  it  is  halved  (Fig.  3).  And  third,  the 
replication process  in  Paramecium  is  essentially 
additive  rather  than  multiplicative  as  model  II 
suggests  (Fig. 6).  This last observation provides 
the strongest support for model I  and eliminates 
models  that  require  precise  doublings  of DNA 
content. DNA synthesis in Paramecium is not an 
all-or-nothing  phenomenon  at  the  level  of  the 
entire macronucleus as it appears to be in Tetra- 
hymena (6). 
Two further aspects of DNA synthesis and its 
regulation  in  Paramecium  are  consistent  with 
model I and suggest that the overall rate of DNA 
synthesis (doubling time)  should  be  different in 
cells  with  large  and  small  macronuclei.  First, 
Paramecium  exconjugants can  synthesize macro- 
nuclear DNA at rates up to three times as great as 
that observed in vegetative ceils during macronu- 
clear anlage development (3) or during the early 
stages of macronuclear regeneration (4). In both 
cases,  the  initial DNA  content  of the  cells was 
lower than normal, suggesting that in normal cells 
the observed rate of DNA synthesis is not limited 
by the inherent rate  of DNA replication but by 
other factors. Second, increase in the number of 
macronuclei  or  macronuclear  anlagen  per  cell 
does  not  bring  about  an  increase  in  the  total 
prefission macronuclear  DNA  content  (4), 1 and 
the  rate  of  DNA  synthesis  per  unit-volume  of 
nucleus is reduced when  extra nuclei are present 
(4),  suggesting  that  only  a  limited  amount  of 
macronuclear DNA can be  synthesized during a 
particular cell cycle. 
The amount of macronuclear DNA that is syn- 
thesized by the cell during one cell cycle may be 
Morton, G. T., and J. D. Berger.  1978. Comparison 
of singlet  and  doublet Paramecium tetraurelia: DNA 
content, protein content and the cell cycle. J. Protozool. 
In press. 
determined primarily by the mass of the cell. This 
idea is supported both by the very strong correla- 
tion  between  the  mean  DNA  content  and  the 
mean cell mass in different Paramecium cell lines 
(13),  including doublet cell lines which have ap- 
proximately twice the normal DNA content and 
dry mass (see fn.  1), and by the observation that 
experimental increase in the cytoplasmic mass of 
Tetrahymena (11, 25) or Paramecium (J. D. Ber- 
ger, unpublished results) cells through temporary 
blockage of either DNA synthesis of cytokinesis 
leads to a  substantial increase in  the  amount  of 
macronuclear  DNA  synthesized  within  a  single 
cell cycle. However,  doubling the  mean  postfis- 
sion  DNA  content  of Paramecium  produces no 
change in the subsequent total protein content of 
the  cells (J.  D.  Berger,  manuscript  in  prepara- 
tion).  Taken  together,  these  observations show 
that  the  mass  of the  cell  has  a  much  stronger 
effect on the DNA content than the DNA content 
has on cell mass, which in turn suggests that cell 
mass strongly influences the amount of DNA that 
can be synthesized within a single cell cycle. Thus, 
the  theoretical  precision  of  model  I  might  be 
improved by assuming that the cell synthesizes a 
quantity of DNA that is proportional to the initial 
mass of the cell. 
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